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A B S T R A C T

Background: PB-201, a partial, pancreas/liver-dual glucokinase activator, showed good tolerance and glycae-
mic effects in multinational studies. This study determined its optimal dose, safety, pharmacokinetics, and
pharmacodynamics in Chinese patients with type 2 diabetes.
Methods: In this double-blind, randomised, four-period, crossover, phase 1 trial in China, conducted at the
Peking University Third Hospital, adult patients with drug-naive type 2 diabetes were randomised (1:1:1:1)
to four sequence groups using a computer-generated randomisation table. In each period, they received oral
placebo or PB-201 (50+50, 100+50, or 100+100 mg split doses) for 7 days. Investigators and patients were
masked to treatment assignment. The primary endpoints were safety and pharmacokinetics. Continuous glu-
cose monitoring was used to delineate the glucose excursion profile. Trial registration number:
NCT03973515.
Findings: Between August 27, 2019 and December 19, 2019, 16 patients were randomised. PB-201 showed a
dose-proportional pharmacokinetic profile without apparent accumulation in the body and induced dose-
dependent lowering of blood glucose. PB-201 at 50+50, 100+50, and 100+100 mg increased mean time in
range (49¢210% [standard deviation 27], 56¢130% [25], and 63¢330% [20] with three doses, respectively) ver-
sus placebo (49¢380% [27]) and reduced estimated glycated haemoglobin from baseline (�0¢5445% [1¢654],
�1¢063% [1¢236], and �1¢888% [1¢381] vs �0¢581% [1¢200]). Fifteen patients (93¢8%) had treatment-emergent
adverse events, which were mild. No patients had hypoglycaemia with venous/capillary glucose <3¢9 mmol/
L or nocturnal hypoglycaemia.
Interpretation: PB-201 100 mg twice daily is identified as the optimal dose, which shows promising glucose-
lowering effects and low risks of hypoglycaemia and other side effects. Further investigation of PB-201
100 mg twice daily in confirmatory trials is warranted.
Funding: PegBio.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Hyperglycaemia is the hallmark of type 2 diabetes, caused by
insulin resistance and impaired insulin secretion. Treating diabetes to
glycaemic targets is the cardinal goal in diabetic care because of the
macrovascular and microvascular complications associated with
hyperglycaemia [1]. Although metformin is well established as the
first-line treatment for type 2 diabetes and various other glucose-
lowering options are available [2], only a proportion of patients (less
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Research in context

Evidence before the study

Most glucokinase activators did not enter late development
phases because of loss of efficacy over time and safety concerns
such as hypoglycaemia, hyperlipidaemia, and impairment of
liver function. We searched ClinicalTrials.gov using “glucoki-
nase” and “diabetes mellitus” and found one study drug in
phase 3 trials; we also searched PubMed using keywords “glu-
cokinase” and “phase 3” in title/abstract but found no publica-
tions for clinical trials. PB-201 is a partial, pancreas- and liver-
dual activator of glucokinase that was designed to have sustain-
able glucokinase-stimulating activity and low risk of hypogly-
caemia, and it shows promising glucose-lowering effects and
no signals of toxicity in previous phase 1 and phase 2 studies
conducted in countries outside China.

Added value of this study

Results from this phase 1 study added to previous evidence that
PB-201 was a safe, well tolerated, and potentially efficacious
antidiabetic drug. We also found a dosage regimen (100 mg
twice daily) that might have a larger glucose-lowering effect
than those used in previous phase 2 studies while remaining
well tolerated. The 24-h continuous glucose monitoring data
provided convincing evidence that the risk of hypoglycaemia
and other side effects reported with previous glucokinase acti-
vators were low with PB-201.

Implications of all the available evidence

Altogether, the evidence shows that PB-201 is likely to be asso-
ciated with a low risk of side effects. Its effective glucose-lower-
ing potential is of clinical significance. These results support
phase 3 trials to further investigate its efficacy and safety.
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than 35% in a large-scale survey in China [3]) can achieve glycaemic
goals, and secondary failure is common among patients on oral anti-
diabetic drugs due to progressive decline in b-cell function [4]. More-
over, side effects and risks associated with these agents, such as
gastrointestinal side effects with metformin and glucagon-like pep-
tide-1 receptor agonists and risks of bone fractures, genitourinary
infections, and volume depletion with sodium-glucose co-trans-
porter-2 inhibitors, not only impact patient’s quality of life, but also
influence choice of treatment and adherence [2].

Glucokinase activators (GKAs) are being pursued as next-genera-
tion antidiabetic therapeutics, which have a novel mechanism of
action and may provide effective glycaemic control while having a
low risk of side effects. Their mechanism of action builds on the role
of glucokinase as a glucose sensor and a central regulator of systemic
glucose haemostasis [5]. In a glucose-dependent manner, glucokinase
stimulates insulin secretion in the pancreas and regulates glucose
production and utilization in the liver. Up to now, a number of GKA
candidates have been developed; however, only four candidates are
Table 1
Treatment sequence in four sequence groups

Group number Number of patients Treatment in Period 1 Treat

1 4 Placebo 50+5
2 4 50+50 mg PB-201 Place
3 4 50+50 mg PB-201 100+
4 4 50+50 mg PB-201 100+
currently being investigated globally (TTP399 [6,7], dorzagliatin [8],
globalagliatin [9], and PB-201 [10,11]). Issues prohibiting the entry of
most GKAs into late clinical phases include hypoglycaemia [12, 13],
hyperlipidaemia [12,13], risk of fatty liver [14], and loss of efficacy
over time [13,15].

PB-201 was designed as a partial, pancreas- and liver-dual activa-
tor of glucokinase that has glucose-dependent, moderate binding
affinity and fast dissociation [16,17], thereby having a low risk of
hypoglycaemia while conferring sustained glucokinase activation. Its
pharmacological properties, safety, tolerability, and exploratory effi-
cacy have been investigated in previous studies [10,11]. In two phase
2 trials, the maximal dose (100 mg once daily) demonstrated a gly-
cated haemoglobin (HbA1c)-lowering effect similar to that with sita-
gliptin and less than that with glimepiride, as well as good tolerance
[10]. This study sought to identify the dose of PB-201 that can provide
the optimal benefit/risk ratio to be used for future confirmatory trials,
and to evaluate the safety, tolerability, pharmacokinetics, and phar-
macodynamics of PB-201 in drug-naïve Chinese patients with type 2
diabetes. A range of doses up to 100 mg twice daily, higher than those
used in phase 2 trials, were tested. Continuous glucose monitoring
(CGM) was utilised in this study as a robust evaluation tool for delin-
eating the glucose excursion profile, providing evidence in relation to
safety in terms of hypoglycaemia as well as glycaemic effects.

2. Methods

2.1. Study design

This double-blind, placebo-controlled, randomised, four-period,
four-sequence, crossover, phase 1 study was conducted at Peking
University Third Hospital. After screening, eligible patients entered a
run-in period of 28�35 days, during which they were instructed to
follow a standardised lifestyle programme and their concomitant
medications, if any, were stabilised. Following the run-in period,
patients were randomly assigned (1:1:1:1) to a sequence group in
which they received four sequential treatments, consisting of placebo
and three dose levels of PB-201 and separated by washout periods
(table 1). Patients were admitted and stayed at the study centre for
10 days (designated as days �1 to 9) per treatment period, when
they wore the CGM device throughout the 10 days and took the study
drug from days 1 to 7.

All subjects gave their written informed consent before any study-
related procedures. This study was conducted in compliance with the
Declaration of Helsinki, Good Clinical Practice, and other applicable
regulatory requirements. The study protocol and informed consent
information were approved by the ethics committee at Peking Uni-
versity Third Hospital (ethics approval reference, 037-02). This trial
was registered with ClinicalTrials.gov, number NCT03973515.

2.2. Patients

Patients were eligible if they were diagnosed with type 2 diabetes
according to 1999 World Health Organization diagnostic criteria for
diabetes mellitus [18], aged 18�65 years, with a body mass index of
18¢5�35¢0 kg/m2, had not received any glucose-lowering agents
within 2 months, had an HbA1c of 7¢5�11¢0% (58�97 mmol/mol)
ment in Period 2 Treatment in Period 3 Treatment in Period 4

0 mg PB-201 100+50 mg PB-201 100+100 mg PB-201
bo 100+50 mg PB-201 100+100 mg PB-201
50 mg PB-201 Placebo 100+100 mg PB-201
50 mg PB-201 100+100 mg PB-201 Placebo
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during screening and 7¢0�10¢0% (53�86 mmol/mol) before random-
isation, had a fasting plasma glucose (FPG) of 7¢0�11¢1 mmol/L dur-
ing screening and before randomisation, and had a fasting C-peptide
level of �0¢8 ng/mL during screening. Key exclusion criteria included
diagnosis of type 1 diabetes, clinically significant concomitant dis-
eases or laboratory test abnormalities, concurrent malignancy, hyper-
sensitivity, concomitant treatments that might interfere with the
conduct of the study or pose an unacceptable risk to subjects, alcohol-
ism, drug abuse, and fever within 5 days. Details of exclusion criteria
are provided in the appendix.

2.3. Procedures

Placebo or PB-201 in split doses of 50+50, 100+50, and 100
+100 mg PB-201 were administered orally, one dose 30 min before
breakfast and the other 30 min before lunch. Patients were treated
for 7 days per treatment period, and between two treatment periods
had a washout period of 7�14 days, which were deemed sufficient to
eliminate carryover effects on pharmacokinetics and pharmacody-
namics. Patients had standard meals (designed by the study site fol-
lowing dietary recommendations for patients with type 2 diabetes
[19]) and were not allowed to have food or drinks other than those
provided by the study centre during the treatment periods. The stan-
dard meal for postprandial glucose measurements provided
540.7 kcal/meal, consisted of 60.4 g carbohydrate, 28.8 g fat, and
10.7 g protein (details of the standard meal are provided in the
appendix). Prohibited concomitant pharmacological treatments
included any antidiabetic medications and medications that might
interfere with the conduct of the study or pose an unacceptable risk
to subjects. Treatment was to be interrupted (for no longer than 48
h) within one treatment period in the event of patients experiencing
two episodes of hypoglycaemia with glucose �3¢9 mmol/L or two
episodes of hypoglycaemia that resolved with oral carbohydrate.
Patients could freely withdraw their consent at any time. In the case
of major protocol deviation, noncompliance, severe hypoglycaemia
(i.e. with severe cognitive impairment requiring assistance for recov-
ery) or two episodes of hypoglycaemia with glucose �3¢0 mmol/L
within one treatment period, repeated hyperglycaemia (FPG
�13¢3 mmol/L measured over 3 consecutive days), or other circum-
stances considered in the patient’s best interests, or if treatment had
been interrupted for more than 48 h, the investigator could withdraw
patients from the study.

2.4. Outcomes

Primary endpoints were safety, tolerability, and pharmacokinet-
ics. Secondary endpoints included pharmacodynamics and pharma-
cokinetics of WI-0800, the main metabolite of PB-201 [20].

Blood samples for pharmacokinetic assessments were collected
on days 1�9 in each treatment period; they were taken at 30 min
predose and 0¢5, 1, 2, 3, 4¢5, 6, 8,10, 12, and 14 h postdose on days 1
and 7; at 30 min predose on days 2, 5, and 6; at 24 h postdose on day
8; and at 48 h postdose on day 9. Plasma concentrations of PB-201
and WI-0800 were measured using a validated ultrafast liquid chro-
matography-tandem mass spectrometry method (MDS Sciex, Tor-
onto, Canada; Shimadzu Corp., Kyoto, Japan). Pharmacokinetic
parameters included AUC0�inf (area under the concentration�time
curve from time zero to infinity), AUC0�last (area under the concen-
tration�time curve from time zero to the last measurable concentra-
tion), CL/F (apparent clearance), Cmax (maximum plasma
concentration), tmax (time to maximum plasma concentration), t1/2
(plasma half-life), Rac,AUC0�inf (accumulation ratio based on AUC0�inf),
Rac,Cmax (accumulation ratio based on Cmax), and Vz/F (apparent vol-
ume of distribution).

Safety was monitored throughout the study and for up to 14 days
after the last dose. Adverse events (during the study and for up to
14 days after the last dose), clinical laboratory tests (day �1, 7, and 9
of each period and 7�14 days after the last dose), vital signs (day �1
to day 9 of each period and 7�14 days after the last dose), electrocar-
diogram (ECG) parameters (day �1, 1, 7, and 9 of each period and
7�14 days after the last dose), and physical examination (day �1 and
9 of each period and 7�14 days after the last dose) were assessed.
Adverse events were coded and classified according to Medical Dic-
tionary for Regulatory Activities version 22.0. Treatment-emergent
adverse events (TEAEs), defined as any events that began or wors-
ened in severity during or after study drug administration until the
last day of follow-up, were evaluated and compared between treat-
ments. Their relationship to the study drug was investigated (unre-
lated, possibly unrelated, possibly related, probably related, or
definitely related). Hypoglycaemia was defined and classified in
accordance with guidelines for clinical trials of antidiabetic agents
and biologics released by the Center for Drug Evaluation (CDE) of
China National Medical Products Administration (NMPA), where
hypoglycaemia was diagnosed and classified as severe hypoglycae-
mia (characterised by hypoglycaemia with severe cognitive
impairment that requires assistance for recovery), documented
symptomatic hypoglycaemia (with symptoms and glucose �
3¢9 mmol/L), asymptomatic hypoglycaemia (glucose �3¢9 mmol/L
but without symptoms), undocumented symptomatic hypoglycaemia
(with symptoms and glucose level unknown), and relative hypogly-
caemia (with symptoms and glucose reduced but >3¢9 mmol/L)
based on a combination of symptoms and blood glucose levels (mea-
sured with either venous or capillary glucose) [21].

Measures for assessing pharmacodynamics included FPG, 2-h
postprandial plasma glucose (PPG), fasting insulin, 2-h postprandial
insulin, fasting C-peptide, 2-h postprandial C-peptide, and CGM met-
rics. Blood samples for analysing pharmacodynamics were taken
under fasting state (before breakfast) and 2 h after a standard meal at
baseline and day 7. CGM metrics, including mean glucose, time in
range (TIR; 3¢9�10¢0 mmol/L), time below range (TBR; <3¢9 or
<3¢0 mmol/L), and time above range (TAR; >10 mmol/L) calculated
as per international consensus recommendations [22] and estimated
HbA1c [23], were evaluated based on average values of glucose con-
centrations over 7 days from days 1 to 7. The FreeStyle Libre flash glu-
cose monitoring system (Abbott Diabetes Care, Witney, UK) was
used, which measures glucose concentration with a mean absolute
relative difference (MARD) of 10.0% vs capillary blood glucose meas-
ures and a MARD of 10.7% vs venous blood glucose measures [24].
Data from this blinded CGM device were retrospectively reviewed by
investigators.

2.5. Randomisation and masking

A random number table containing 24 sequentially numbered
codes was generated with the SAS 9.4 PLAN procedure with a block
of four by an independent statistician. Patients were randomly
assigned to a code, which corresponded to a group. Placebo or PB-
201, provided as identical tablets, were sealed in a code-labelled
package and dispensed by pharmacists. PK data were collected by
unblinded personnel and handled and integrated by unblinded data
manager, and these persons were not directly involved in the con-
duct of the study or patient care. The investigators, site personnel,
and sponsor had no access to the randomisation assignment and
were not involved in medication distribution. The investigators, site
personnel, sponsor, and patients were masked to treatment assign-
ment during the trial. After database lock, the data were unblinded
and transferred to the statistician for analysis.

2.6. Statistical analysis

The sample size of this study was estimated not based on statisti-
cal inference but rather in accord with sample size for phase 1 trials
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recommended by CDE of China NMPA (8�12 subjects are recom-
mended for each dose level) [25] as well as empirical evidence. To
ensure that 12 patients completed four treatment periods and assum-
ing a withdrawal rate of 25%, 16 patients were to be enrolled. The
pharmacokinetic analysis set (PKS) included all patients who received
at least one dose of PB-201 and had at least one pharmacokinetic
assessment. The pharmacodynamic analysis set (PDS) included all
patients who received at least one dose of study drug and had at least
one baseline and one post-baseline pharmacodynamic assessment
within one treatment period. Safety analysis set included all patients
who received at least one dose of study drug. Descriptive statistics
were used to summarise safety and pharmacokinetic results. Pharma-
cokinetic parameters were calculated with a noncompartmental
method using Phoenix WinNonlin version 6.4 (Pharsight Corp.,
Mountain View, CA, USA). Dose proportionality of pharmacokinetic
parameters was assessed with a power model, where linearity was
claimed if 90% CI of the coefficient (b) fell within a predefined dose-
adjusted range ([1þ ln0 ¢8

lng , 1þ ln1 ¢25
lng ], where g ¼ the highest dose=the

lowest dose) [26]. Details of pharmacokinetic analyses are provided in
the appendix. Change from baseline in FPG, PPG, plasma insulin, or C-
peptide was analysed using a generalised linear model. In the model,
plasma glucose was included as a repeated effect, treatment
sequence, treatment period, dose, and baseline data were included as
fixed effects, and subject within sequence was included as a random
effect. Plasma insulin or C-peptide was included as a repeated effect,
treatment sequence, treatment period, days, and dose-time interac-
tion were included as fixed effects, and subject within sequence was
included as a random effect. No imputation for missing data was con-
ducted. Least-square mean (LSM) was estimated for change from
baseline with two-sided 90% confidence interval (90% CI). Two-sided
p-values were reported for these pharmacodynamic variables to flag
any potential differences between placebo and PB-201 treatments
(p<0¢05 considered statistically significant). The p-values were not
adjusted for multiplicity. HbA1c level was estimated using a previ-
ously published equation relating it to average glucose (AG) mea-
sured by CGM: HbA1c ð%Þ ¼ ðAG ½mg=dL� þ 46 ¢7Þ=28 ¢7 or HbA1c
ð%Þ ¼ ðAG ½mmol=L� þ 2 ¢59Þ=1 ¢59 [23]. All analyses were performed
using SAS version 9.1 (SAS Institute Inc., Cary, NC, USA).
2.7. Role of the funding source

The funder designed the study, developed the protocol, and
supervised the conduct of the trial, data collection, data review, and
data analysis, in accord with the Good Clinical Practice guidelines. All
authors had full access to the raw data and the corresponding author
had final responsibility for the decision to submit for publication.
3. Results

Between August 27, 2019 and December 19, 2019, 75 patients
were screened, and 16 eligible patients were enrolled and rando-
mised to one of the four crossover sequence groups (n=4 each group;
figure 1). The most common reason for exclusion after screening was
not meeting the eligibility criteria (n=58). All patients completed
four-period treatment as per protocol, except for one in Group 4 who
experienced predefined repeated hyperglycaemia and was with-
drawn from the study after being treated with 50+50 mg PB-201 for
7 days. Analysis sets (full analysis set, per-protocol set, PKS, PDS, and
safety set) for 50+50 mg PB-201 included 16 patients, while those for
placebo and 100+50 or 100+100 mg PB-201 included 15 patients.
Most patients were male (11 [68¢8%]), with a median duration of dis-
ease of 2 years (range, 0�8¢67; table 2). No patients had taken anti-
diabetic pharmacological treatments within 2 months before ran-
domisation. Prohibited concomitant medications were not used dur-
ing the study. There were no major protocol violations.
On day 1, PB-201 was well absorbed upon oral administration and
reached a peak plasma concentration 5¢25, 4¢50, 6¢00 h after the
morning dose, with a geometric mean Cmax of 469, 646, and 905 ng/
mL with 50+50, 100+50, and 100+100 mg PB-201, respectively
(figure 2 and appendix table S1). It had a wide tissue distribution in
the body and was cleared within 24 h of the morning dose.

The steady state of PB-201 was reached on day 4 based on the pla-
teau of the trough plasma concentration after 96 h. On day 7, the
absorption rate and maximum exposure of PB-201 were similar to
those on day 1 (figure 2 and appendix table S1). It was cleared within
48 h on day 7. No apparent accumulation in the body was observed
after multiple dosing (Rac,max and Rac,AUC0�inf around 1 with three
dose levels).

The systemic exposure to the main metabolite of PB-201, WI-0800
[20], was similar to the parent drug on day 1 and higher than it on
day 7 (appendix figure S1 and table S2).

Systemic exposure to PB-201 and its metabolite showed dose pro-
portionality, with either completely or strongly linear kinetics (90%
CI of the coefficient b included 1 for Cmax, AUC0�last, and AUC0�inf,
table 3). No differences were found between males and females with
regards to key pharmacokinetic parameters of PB-201 and WI-0800
(similar Cmax, AUC0�last, and AUC0�inf).

On day 7, the LSM change from baseline in FPG was 0¢306 mmol/L
(90% CI �0¢463 to 1¢076), �0¢738 mmol/L (�1¢714 to 0¢239),
�1¢227 mmol/L (�2¢033 to �0¢421), and �1¢473 (�2¢307 to �0¢640)
with placebo, 50+50 mg, 100+50 mg, and 100+100 mg PB-201,
respectively (table 4). A more substantial reduction in FPG from base-
line was observed with 100+50 and 100+100 mg PB-201 compared
with placebo (placebo-adjusted difference in LSM change from base-
line, �1¢044 mmol/L [90% CI �2¢038 to �0¢051], �1¢533 mmol/L
[�2¢543 to �0¢254], and �1¢780 mmol/L [�2¢789 to 0¢771]; p value,
0¢084, 0¢014, 0¢005 with three dose levels of PB-201, respectively).

The LSM change in 2-h PPG on day 7 from baseline was
0¢827 mmol/L (90% CI �0¢800 to 2¢453) with placebo and
�0¢869 mmol/L (�2¢869 to 1¢131), �1¢587 mmol/L (�3¢239 to 0¢066),
and �1¢880 mmol/L (�3¢717 to �0¢043) with three dose levels of PB-
201, respectively (table 4). PB-201 at three dose levels markedly
reduced 2-h PPG from baseline compared with placebo (placebo-
adjusted difference in LSM change from baseline, �1¢696 mmol/L
[90% CI �3¢250 to �0¢138], �2¢413 mmol/L [�3¢996 to �0¢831], and
�2¢707 mmol/L [�4¢289 to �1¢124]; p value, 0¢007, 0¢014, and 0¢006,
respectively). A dose-dependent reduction in FPG and 2-h PPG with
PB-201 was observed. No differences were observed in the change in
plasma levels of C-peptide and insulin at either fasting or postpran-
dial state between placebo and any dose levels of PB-201 (appendix
table S3).

Based on readings of CGM, daily blood glucose dynamics took a
lower trajectory with increasing doses of PB-201 compared with pla-
cebo (figure 3A). Mean glucose was 10¢680 mmol/L (SD 1¢990) with
placebo and 10¢820 mmol/L (2¢670), 10¢020 mmol/L (2¢010), and
8¢700 mmol/L (2¢140) with three dose levels of PB-201. TIR increased
as the dose of PB-201 increased, and TIRs in those given 100+50 and
100+100 mg were higher than that with placebo (mean TIR, 49¢380%
[SD 27], 49¢210% [27], 56¢130% [25], and 63¢330% [20] with placebo
and the three dose levels of PB-201, respectively; figure 3B). Only
0¢310%, 0, 0¢070%, and 4¢600% of time on average respectively were
found to be TBR (<3¢9 mmol/L), indicating low frequencies of hypo-
glycaemia with both placebo and PB-201; the corresponding percent-
age of TBR (<3¢0 mmol/L) was 0 with all four regimens. TBR
(<3¢9 mmol/L) during the night was not detected. Baseline HbA1c

was 8.931%, 8.979%, 8.993%, and 8.993% for placebo and three dose
levels of PB-201, respectively, and mean estimated HbA1c after treat-
ment was 8¢350% (68 mmol/mol) with placebo, and 8¢435% (69
mmol/mol), 7¢930% (63 mmol/mol), and 7¢105% (54 mmol/mol) with
the three dose levels of PB-201. The reduction in estimated HbA1c

from baseline was dose-dependent and numerically greater in



Figure 1. Trial profile
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patients treated with 100+50 mg and 100+100 mg PB-201 compared
with placebo (�0¢581% [SD 1¢200] or �6¢4 mmol/mol [13¢1],
�0¢5445% [1¢654] or �5¢9 mmol/mol [18¢1], �1¢063% [1¢236] or
�11¢6 mmol/mol [13¢5], and �1¢888% [1¢381] or �20¢6 mmol/mol
[15¢1] with placebo, 50+50 mg, 100+50 mg, and 100+100 mg PB-201,
respectively).

Thirty-four TEAEs were reported by 15 patients (93¢8%) during
this study, including 11 (32¢4%), 5 (14¢7%), 6 (17¢7%), and 12 (35¢3%)
patients treated with placebo, 50+50 mg, 100+50 mg, and 100
+100 mg PB-201, respectively (table 5). All TEAEs were considered
mild (grade 1), and no serious TEAEs or death occurred. One TEAE
(6¢3%) led to treatment discontinuation, which was predefined
repeated hyperglycaemia occurring after treatment with 50+50 mg
PB-201. There were no TEAEs in terms of vital signs or ECG. All TEAEs
Table 2
Baseline characteristics of the full analysis set

Full analysis set (n=16)

Male, n (%) 11 (68¢8)
Age, years, median (IQR) 50¢5 (49¢0 to 54¢0)
Chinese, n (%) 16 (100)
BMI, kg/m2, mean (SD) 25¢9 (2¢92)
Duration of type 2 diabetes mellitus since first diag-
nosis, years, median (range)

2 (0 to 8¢67)

BMI=body mass index. IQR=interquartile range. SD=standard deviation.
occurred in no more than two patients with either placebo or any PB-
201 dose levels.

Among the TEAEs, only two events were considered related to the
study drug—both episodes of symptom-based relative hypoglycaemia
(presenting with symptoms and reduced blood glucose at a level of
>3.9 mmol/l) in two patients with 50+50 mg PB-201, with a blood
glucose of 6¢4 and 6¢3 mmol/L, respectively. Both cases were resolved
with oral glucose or a meal.

4. Discussion

Based on the dose-dependent improvements in FPG, PPG, TIR, and
estimated HbA1c from baseline with PB-201 and the low rate and
mild severity of TEAEs at all dose levels, 100 mg twice daily was iden-
tified as the optimal dose. This dosage regimen might induce a more
robust glucose-lowering effect compared with that achieved with
100 mg once daily in previous phase 2 trials (placebo-adjusted
change in estimated HbA1c from baseline �1¢307% [�14¢3 mmol/
mol] vs that measured with 100 mg once daily �0¢45% [�4¢9 mmol/
mol] or �0¢47% [�5¢1 mmol/mol] [10]) while being without clinically
significant safety issues. Safety concerns with other GKAs, in particu-
lar, hypoglycaemia that meets the American Diabetes Association
(ADA) criterion of a venous/capillary glucose of <3¢9 mmol/L [1],
were not noted. Multiple dosing of PB-201 did not result in drug
accumulation in the body, as opposed to globalagliatin, which
showed an accumulation ratio of >2 [9]. PB-201 presented a



Figure 2. Dose-normalised plasma PB-201 concentration�time profiles on days 1 and 7
Geometric mean (coefficient of variation) of dose-normalised plasma concentration of PB-201 versus time curves on day 1 (A) and day 7 (B) on a logarithmic scale.
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favourable pharmacokinetic and safety profile in Chinese patients
with type 2 diabetes, consistent with that found in non-Chinese
Table 3
Linear regression analysis of dose-proportionality for PB-201 andWI-0800

b point estimate 90% CI of b Predefined criterion of
linearity

Day 1, PB-201
Cmax 1¢04 0¢714�1¢500 0¢678�1¢320
AUC0�last 1¢12 0¢790�1¢590 0¢678�1¢320
AUC0�inf 1¢12 0¢781�1¢590 0¢678�1¢320

Day 1, WI-0800
Cmax 1¢27 0¢886�1¢810 0¢678�1¢320
AUC0�last 1¢31 0¢923�1¢860 0¢678�1¢320

Day 7, PB-201
Cmax 1¢15 0¢867�1¢530 0¢678�1¢320
AUC0�last 0¢98 0¢734�1¢310 0¢678�1¢320
AUC0�inf 0¢96 0¢708�1¢290 0¢678�1¢320

Day 7, WI-0800
Cmax 1¢11 0¢827�1¢490 0¢678�1¢320
AUC0�last 1¢19 0¢835�1¢700 0¢678�1¢320

AUC0�inf=area under the concentration�time curve from time zero to infinity.
AUC0�last=area under the concentration�time curve from time zero to the last
measurable concentration. Cmax=maximum plasma concentration. b=linear corre-
lation coefficient.
populations. Based on the totality of evidence, it is worthwhile to
confirm the efficacy and safety of 100 mg twice-daily PB-201 in
future studies.

One principal goal of this study was dose-finding, because the
maximal dose used in previous phase 2 trials (100 mg once daily),
though well tolerated, resulted in only modest glucose-lowering
effects [10]. Dose selection in this study was also based on previous
findings that 300 mg once-daily PB-201 was the maximal tolerated
dose (unpublished data) and that fewer adverse events were
reported with split doses than with once-daily dosing [11]. PB-201 at
100 mg twice daily demonstrated a potential of better glucose-lower-
ing effects; meanwhile, PB-201 given at this dosing regimen was safe
and well tolerated.

The design of this study has three features: (1) drug-naive
patients, instead of those with poorly controlled type 2 diabetes on
metformin, were enrolled after consulting with China CDE in order to
reveal the genuine safety, and pharmacokinetic/pharmacodynamic
characteristics of PB-201; (2) one strength of the study was the four-
period, crossover design, which improved the precision for assessing
change from baseline in glycaemic parameters and reduced potential
confounding compared with parallel-group design because patients
served as their own control; (3) CGM was utilised, which provided
rigorous evidence on safety with regard to hypoglycaemia (especially



Table 4
Change in FPG and 2-h PPG from baseline in the pharmacodynamic analysis set

Placebo (n=15) 50+50 mg PB-201 (n=16) 100+50 mg PB-201 (n=15) 100+100 mg PB-201 (n=15)

FPG, mmol/L
Baseline, mean (SD) 9¢047 (1¢157) 9¢656 (1¢283) 9¢207 (1¢545) 9¢087 (1¢442)
Day 7, mean (SD) 9¢353 (1¢627) 8¢919 (2¢350) 7¢980 (1¢032) 7¢613 (1¢250)
Change from baseline, mean (SD) 0¢306 (1¢029) �0¢737 (2¢336) �1¢227 (1¢833) �1¢473 (0¢928)
LSM change from baseline (90% CI) 0¢306 (�0¢463 to 1¢076) �0¢738 (�1¢714 to 0¢239) �1¢227 (�2¢033 to �0¢421) �1¢473 (�2¢307 to �0¢640)
Placebo-adjusted difference in LSM change from
baseline (90% CI)

NA �1¢044 (�2¢038 to �0¢051) �1¢533 (�2¢543 to �0¢254) �1¢780 (�2¢789 to 0¢771)

P value* NA 0¢084 0¢014 0¢005
2-h PPG, mmol/L
Baseline, mean (SD) 15¢773 (2¢776) 16¢550 (2¢073) 15¢727 (2¢519) 15¢780 (2¢747)
Day 7, mean (SD) 16¢600 (2¢450) 15¢681 (4¢233) 14¢140 (2¢795) 13¢900 (3¢155)
Change from baseline, mean (SD) 0¢827 (1¢390) �0¢869 (3¢635) �1¢587 (1¢209) �1¢880 (3¢131)
LSM change from baseline (90% CI) 0¢827 (�0¢800 to 2¢453) �0¢869 (�2¢869 to 1¢131) �1¢587 (�3¢239 to 0¢066) �1¢880 (�3¢717 to �0¢043)
Placebo-adjusted difference in LSM change from
baseline (90% CI)

NA �1¢696 (�3¢250 to �0¢138) �2¢413 (�3¢996 to �0¢831) �2¢707 (�4¢289 to �1¢124)

P value* NA 0¢007 0¢014 0¢006
FPG=fasting plasma glucose. LSM=least-square mean. NA=not applicable. SD=standard deviation. 2-h PPG=2-h postprandial plasma glucose. 90% CI= 90% confidence interval.
* Compared with placebo.
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asymptomatic hypoglycaemia) and the effect of the study drug on 24-
h glucose profiles synthesised from 7 days of CGM data.

Based on existing evidence, the alarming side effects with previ-
ous GKA candidates—eg, hypoglycaemia [12,13], hyperlipidaemia
[12,13], and impairment of liver function [14]—are unlikely to be of
concern with PB-201. The mild severity and low incidences of TEAEs
with PB-201 in this study were consistent with previous findings
[10,11]. In two phase 2 clinical trials comparing PB-201, placebo, and
active comparators as an add-on to metformin in patients with type
2 diabetes, hypoglycaemia occurred in 3¢0% (12/405) of patients with
Figure 3. CGM profiles of patients on placebo or PB-201
(A) Daily blood glucose dynamics measured by CGM. Solid lines represent mean

values of glucose, and dotted lines represent the first and third quantiles. (B) Percen-
tages of TIR, TBR, and TAR. CGM=continuous glucose monitoring. TAR=time above
range. TBR=time below range. TIR=time in range.
PB-201, 34¢4% (21/61) with glimepiride, 1¢8% (1/55) with sitagliptin,
and 2¢5% (3/118) with placebo; all resolved with oral carbohydrates
[10]. In comparison, hypoglycaemia was reported at an incidence
rate ranging from 0¢6% (1/169) to 33¢8% (68/201) with other GKAs
[27]. In a phase 2 trial in Chinese patients with type 2 diabetes, hypo-
glycaemia was reported in 5¢4% (11/205) of patients with dorzagliatin
[8]. However, in this study of PB-201, only two (12¢5%) patients
reported symptom-based relative hypoglycaemia, and no episodes
were confirmed to be with a venous/capillary glucose of <3¢9 mmol/
L, which was used to define hypoglycaemia by the ADA guideline [1].
The low risk of hypoglycaemia was further supported by evidence
from CGM, which also eliminated the concern over nocturnal hypo-
glycaemia. It has been reported that FreeStyle Libre Pro Flash CGM
System tends to overestimate the risk of hypoglycaemia as compared
with point-of-care capillary blood glucose testing [28]. The fact that
no hypoglycaemia events were detected by CGM in this study pro-
vides further evidence that PB-201 treatment was not associated
with risk of hypoglycaemia. Although the short treatment duration,
small number of patients, and inclusion of treatment-naïve patients
might have contributed to the decreased risk of hypoglycaemia for
PB-201 in this study, safety findings were similar in phase 2 trials
involving previously treated patients [10].

Standard CGM metrics are endorsed by the ADA as a complement
to HbA1c for evaluating glycaemic control [22]. PB-201 dose-depen-
dently improved CGM metrics, including mean glucose, TIR, TAR, and
estimated HbA1c. The marked reduction in estimated HbA1c with
higher doses of PB-201 predicted the long-term glucose-lowering
effect of PB-201, which could be even larger after prolonged treat-
ment. With 100 mg twice-daily PB-201, mean TIR was 63¢330%, cor-
responding well with an estimated HbA1c of 7¢105% [54 mmol/mol]
[29,30]. Although caution should be taken when making direct com-
parisons, the glycaemic effect with 100 mg twice-daily PB-201 (pla-
cebo-adjusted change from baseline in estimated HbA1c, �1¢307%
[�14¢3 mmol/mol]) can be inferred to be greater than those shown in
previous phase 2 trials with 100 mg once daily (placebo-adjusted
LSM change from baseline in HbA1c, �0¢45% [�4¢9 mmol/mol] or
�0¢47% [�5¢1 mmol/mol]) [10] and possibly comparable to or larger
than that with other GKAs (placebo-adjusted LSM change from base-
line in HbA1c ranging from �0¢04% [�0¢4 mmol/mol] to �0¢9% [�9¢8
mmol/mol] with dorzagliatin [8], TTP399 [7], and AZD1656 [31]); this
hypothesis will need to be tested in studies with larger sample sizes
and longer durations.

The daily blood glucose curve with PB-201 had a similar shape but
shifted downwards compared with placebo, indicating that PB-201
may have an impact on fasting glucose rather than postprandial glu-
cose. This trajectory is in contrast with the flattened curve under



Table 5
Incidence of treatment-emergent adverse events in the safety analysis set

Placebo (n=15) 50+50 mg PB-201 (n=16) 100+50 mg PB-201 (n=15) 100+100 mg PB-201 (n=15)

Any TEAEs 11 (32¢4) 5 (14¢7) 6 (17¢7) 12 (35¢3)
Related to study drug* 0 2 (12¢5) 0 0
Gastrointestinal disorders
Constipation 2 (13¢3) 1 (6¢3) 2 (13¢3) 0
Diarrhoea 1 (6¢7) 0 0 1 (6¢7)
Mouth ulcers 0 0 0 1 (6¢7)
Toothache 1 (6¢7) 0 1 (6¢7) 0

Injury, poisoning, and procedural complications
Fall 0 0 1 (6¢7) 0
Bruising 0 1 (6¢3) 0 0

Laboratory tests
Bacteraemia 0 0 0 1 (6¢7)
Haematuria 0 0 0 2 (13¢3)
Glomerular filtration rate decreased 0 0 1 (6¢7) 1 (6¢7)
HDL decreased 0 0 0 1 (6¢7)
Haemoglobinuria 0 0 0 2 (13¢3)
Urine ketone positive 0 0 0 2 (13¢3)
Urine WBC positive 2 (13¢3) 0 0 0

Metabolism and nutrition disorders
Hyperglycaemiay 0 1 (6¢3) 0 0
Hypertriglyceridemia 0 0 1 (6¢7) 1 (6¢7)
Relative hypoglycaemiaz 0 2 (12¢5) 0 0
Hypokalaemia 2 (13¢3) 0 0 0

Musculoskeletal and connective tissue disorders
Pain in extremity 1 (6¢7) 0 0 0

Skin and subcutaneous tissue disorders
Hyperhidrosis 1 (6¢7) 0 0 0

Vascular disorders
Hypertension 1 (6¢7) 0 0 0

HDL=high-density lipoprotein. TEAE=treatment-emergent adverse event. WBC=white blood cell.
* These two events were considered definitely related to the study drug. yHyperglycaemia was defined by fasting plasma glucose �13¢3 mmol/L measured over

3 consecutive days. zHypoglycaemia was defined in accord with guidelines for clinical trials of antidiabetic agent and biologics released by the Center for Drug Eval-
uation of China National Medical Products Administration, and relative hypoglycaemia was defined by having classic hypoglycaemia symptoms and glucose
reduced but >3¢9 mmol/L .
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treatment with mitiglinide/voglibose, which lowered glucose fluctua-
tions postmeal [32]. The mechanism of action behind this may be PB-
201’s constant activation of glucokinase in the liver. Functional gluco-
kinase in the liver regulates glucose metabolism in a glucose-depen-
dent manner: at low glucose concentration (<10 nM), glucokinase
binds to its inhibitor glucokinase regulatory protein (GKBP) and
remains inactive; when glucose concentration increases, glucokinase
dissociates form GKBP and becomes activated, promoting hepatic
glucose utilisation while inhibiting hepatic glucose release. The dura-
ble effect throughout 24 hours shown in the daily blood glucose
curve suggests that the biological half-life is longer than the pharma-
cological half-life. Blood glucose reached the trough in late afternoon
before dinner. These observations give us clues that prolonging the
dosing interval (ie, one dose before breakfast and the other before
dinner) or administering once daily/weekly with slow releasing prep-
arations at a higher dose might provide more stable glycaemic con-
trol and reduce the risk of hypoglycaemia, which will be considered
in future studies. Since the number of daily does is inversely related
to compliance [33], once-daily/weekly dosing may improve patient
compliance compared with twice-daily dosing.

This study has several limitations. First, the treatment duration for
each period was only 7 days, determined based on the previous find-
ing that this was the shortest duration to observe a stable glycaemic
effect (unpublished data), but the estimated HbA1c based on CGM
data offered hint on long-term effects. Second, HbA1c was estimated
rather than measured given the short duration of treatment. Third,
drug administration and evaluation were carried out in an inpatient
setting, which differs from ambulatory care of diabetes but ensures
compliance and data collection accuracy. Fourth, patients were asked
to follow a standardised lifestyle programme during the study, which
controlled the influence of diet and lifestyle. Fifth, we did not use a
William design, and escalating doses of PB-201 were administered
sequentially; therefore, the crossover design was not balanced for
first-order carryover effects.

In conclusion, increasing the dose of PB-201 to 100 mg twice daily
is safe and well tolerated and potentially provides better glycaemic
control than doses tested in previous phase 2 trials. This dosage regi-
men is also supported by the favourable pharmacokinetic profile of
PB-201 in Chinese patients, which is consistent with that in non-Chi-
nese populations. PB-201 at 100 mg twice daily will be selected for
confirmatory trials to further investigate its efficacy and safety.
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